A b s t r a c t
The most important function of any plant root system is the supply of mineral nutrients. The soil is a heterogeneous environment characterized by irregular distribution of nutrients. The branching of the main root which leads to the formation of the root system is regulated by the necessity of compensation for this unpredictable environment. Different types of root systems may reflect different strategies of adaptation of vascular plants to land (L. Kutschera et al., 1997). In recent years, a vast array of experimental data on this subject has been collected. Investigations were carried out on the model plant Arabidopsis thaliana (J. . Questions ranging from the mechanisms that determine which pericycle cells can become founder cells for lateral root primordia, the mechanisms of regulation of cell proliferation, the positioning of lateral roots along the axis of the parental root, and hormonal factors and their targets, all leading to the successive development of lateral roots, are discussed in this review. Data on the role of auxin in this process and on the mechanisms of auxin signal transduction in the course of lateral root initiation are provided. The key factors involved in the determination of the competence of pericycle cells to initiate lateral root primordia are the transcription factor GATA23 (B. De Rybel et al., 2010 ) and the membrane-associated kinase regulator MAKR4 (W. Xuan et al., 2015) . Special attention is paid to the role of neighboring cell layers in the control of the initial stages of cell proliferation in the pericycle that result in the formation of a new organ. However, there are a number of families among flowering plants in which the initiation and development of lateral root primordia occurs directly in the parental root meristem (J.G. Dubrovsky, 1986 Dubrovsky, , 1987 ; K.N. Demchenko et al., 2001; E.L. Ilina et al., 2012) . For the first time, data on the key role of auxin in lateral root primordia initiation in these species, in particular in Cucurbitaceae, are presented in this review, and the mechanisms that open the opportunity for early and rapid branching of the main root are discussed. Special attention is paid to evolutionary mechanisms of branching site determination in flowering plants.
Keywords: auxin, cell proliferation, lateral root initiation, meristem, root branching, root development, transcriptional factors Numerous studies have shown the relationship between the genetically determined root traits and the productivity of crops [1-3], including that under drought conditions [4] . For selection for improving the properties of root systems, it is necessary to identify those features of the root that allow the plant to use water and nutrients most effectively under different conditions. It is important to identify the genetically determined features of the root, which lead to increased yield and resistance to stress. The success of the selective change in the architecture of the root system in crops depends on the specific feature and nature of its inheritance, as well as on the use of a particular system of farming and soil characteristics [5] .
The root system of the plant ensures the absorption of water and nutrients necessary for growth and development, fixing plants in the soil, storage of reserve constituents. In addition, it interacts with the roots of other plants, soil microorganisms and fungi. The root system is a dynamic formation that is affected by environmental factors [6] [7] [8] . The ability of the root to adapt in response to a change in the moisture level and the amount of nutrients in the soil makes it possible to study the natural plasticity of the root in order to identify its features, which can increase the yield [9] [10] [11] . The study of molecular mechanisms that control the architecture of the root system in crops [5] is also of interest. Strategies of study of the root system development include methods for direct and reverse genetics, the use of Arabidopsis thaliana, Medicago truncatula and Brachypodium distachyon mutants, and identification of loci of quantitative characters that determine the phenotypic variability of the root in populations [12] [13] .
This review presents current understanding of the molecular genetic mechanisms and key genes involved in the earliest stages of initiation of the primordium of the lateral root. For the first time, we present comparative data on the hormonal mechanisms of initiation of the lateral root in various root zones. Particular attention is paid to the evolutionary mechanisms for determining the location of initiation of the lateral root.
C e ll-b a se d me cha n ism o f in itia tio n o f the la te r a l ro o t. The root system consists of the main root and lateral roots of different orders. In most species of flowering plants (monocotyledons and dicotyledons), lateral roots are formed endogenously in the pericycle and extend to the surface much higher than the zone of extension of the maternal root [14, 15] . In the apical meristem of the root, the initial cells proliferate, separating the sister cells that are constantly moving away from the root tip (the age structure of the cells along the root axis), pass from the apical meristem to the stretch zone, reaching a finite size, and acquire functional characteristics of their type in the differentiation zone [16] [17] [18] . The study of lhw, wol and ivad mutants in Arabidopsis showed that the heterogeneity of the pericycle and the organization of conducting tissues are regulated by the same cascade of genes and are determined in the meristem at the early stages of development [19] . The first cellular events in the initiation of the lateral root, which include the migration of the nucleus of two neighboring cells of the pericycle and subsequent unequal division of these cells, in Arabidopsis are detected at a distance of several millimeters from the root tip [20, 21] . Despite this, the group of pericycle cells opposite to the xylem pole, which will take part in the initiation, is also determined in the basal part of the apical meristem of the root [22] [23] [24] .
The r o le o f a uxin in the reg ula tio n o f the in itia l sta g e s of in itia tio n o f the la te ra l r o ot. Auxin plays a leading role in regulation of the development of the lateral root [25] [26] [27] [28] . The family of proteins-repressors of Aux/IAA auxin signaling suppresses the work of the ARF (Auxin Response Factor) transcriptional factors group. At physiologically low auxin concentrations, Aux/IAA proteins form dimers with ARF transcriptional factors, preventing their binding to DNA and transcription of auxin-sensitive genes. Auxin regulates morphogenetic processes through rapid ubiquitin-mediated degradation of Aux/IAA proteins. At physiologically high concentrations, it binds to the receptor F-box protein TIR1 (Transport Inhibitor Response 1), which is included in the oligomeric complex SCFTIR1 with ubiquitin-ligase activity [30] , which leads to proteolytic degradation of Aux/IAA in the 26S proteasome and release of the transcriptional factors ARF [31] . In Arabidopsis, Aux/IAA and ARF proteins are encoded by extensive gene families. Growth processes are regulated through a specific interaction between conjugate synthesized ARF and Aux/IAA proteins.
The most important question in the study of the morphogenesis of the root system is which genetic factor or group determines the program for the development of the founder cells of the lateral root and regulates the spatial distribution of primordia along its longitudinal axis. I. De Smet et al. [23] showed that the cellular response to auxin oscillates in the basal part of the root meristem at intervals of 15 hours, which reflect peaks in the activity of the auxinsensitive DR5 promoter. It is believed that this particular oscillation serves as a mechanism that determines the marking of the initial primordium cells of the lateral root [33] . G e n e t i c t a r g e t s f o r a u x i ns. The transcriptional factor GATA23 is one of the targets of the mediated ARF action of auxin in the founder cells of the lateral root in Arabidopsis [34] [35] [36] . GATA23 relates to the B-class of GATA proteins and is characterized by the degenerated domain of LLM (leucineleucine-methionine). The GATA23 gene is specific for Brassicaceae; its orthologs have not yet been identified in other families [37, 38] . GATA23, identified in connection with initiation of the lateral root in the meta-analysis of transcriptomic databases in Arabidopsis, is the earliest indicator of lateral root development [36, 39] . GATA23 is expressed in all pericycle cells at the end of the stretch zone, and in pericyclic founder cells expression occurs before their first asymmetric division initiating the lateral root. In RNAi plants with suppression of GATA23 expression, the number of primordia of lateral roots decreases (both left from the maternal root and stopped in development at earlier stages). Increased expression of GATA23 leads to an increase in the frequency of ectopic primordia formation and previous increase in the number of founder cells of the lateral root.
As a result of the study of consecutive time points of expression of the auxin-sensitive structures pDR5::GUS and pGATA23::GUS in the roots of Arabidopsis, a relationship between the expression of GATA23 and the cellular response to exogenous auxin processing was established [36] . In the basal part of the meristem, the oscillating peaks of pDR5::GUS activity in the protoxylem cells and the related local expression of pGATA23::GUS in the cells of the pericycle of the xylem pole begin 10 hours after the peak of the cellular response to auxin, which is approximately equal to the duration of the mitotic cycle. Therefore, the expression of pGATA23::GUS depends on the TIR1-mediated pathway of the auxin signal transmission in the basal part of the meristem.
A study of the expression of GATA23 in aux/iaa Arabidopsis mutants showed that both the relative expression and the promoter activity of the GATA23 gene were reduced only in the mutant with overexpression of the iaa28-1 gene. In iaa28-1 mutants, the number of primordia of lateral roots decreased; hence, the expression of the IAA28 gene is related to the mechanism for forming the competence of pericycle cells to the formation of lateral roots. The ectopic expression of GATA23 in the pericycle cells of the xylem pole in iaa28-1 leads to a phenocopy of the wild type [34] . That is, the GATA23 protein as a component of the TIR1-IAA28 signaling system works after IAA28. A number of ARF factors (ARF5, ARF6, ARF7, ARF8 and ARF19), interacting with the IAA28 protein and synthesized in the basal part of the meristem, have also been detected. The expression of GATA23 was completely absent in the double mutants arf7arf19, which indicates the involvement of ARF7 and ARF19 in activation of GATA23 and initiation of the lateral root. Thus, the first molecular component of the specification of the pericycle cell was identified, which establishes the competence of the pericycle cells in the basal part of the meristem to participation in the initiation of the lateral root. The expression of the GATA23 gene is considered to be the earliest event associated with the initiation of the primordium of the lateral root. GATA23 controls the initial stage of the specification of the founder cells of the root, although its expression is not localized only in them. A mechanism by which the oscillation of maxima of auxin concentration and expression of GATA23 are precisely established and correlated in the meristem of the stretch zone is of interest [15] . It is necessary to identify the positional signals, due to which the specification of the pericycle cells occurs and the competence to the formation of lateral root is formed.
It was also shown that indole acetic acid (IAA) formed in the root cap of indole-3-butyric acid (IBA) modulates the amplitude of the oscillation of IAA concentration in the root meristem [40, 41] . This oscillation, in turn, determines whether a competence zone will be created for the formation of the lateral root (the so-called prebranch site) [42] . Studies of the Arabidopsis transcriptome have made it possible to identify a new, regulated IBA root marking component -MEMBRANE-ASSOCIATED KINASE REGULATOR4 (MAKR4) [41] . It transforms competent cells into the initial cells of the future primordium of the lateral root. In the authors' opinion, the space-time root marking is determined by the transformation of IBA into IAA in a cap and the subsequent launch of MAKR4 expression [41] . In addition, AtMYB93 from the subfamily R2R3 MYB (MYELOBLASTOSIS), the expression of which is induced by exogenous auxin in the basal meristem, can be potentially involved in the formation of oscillations of the endogenous auxin and specification of the initial cells of the primordium [43] . These studies allowed suggesting the concept of prebranch sites, the appearance of which is regulated by cyclic apoptosis of the root cap cells [44] .
C o n tr o l of the r e sump tio n o f the ce ll cycl e. Asymmetric divisions of the pericycle cells, which in the future will give rise to the primordium of the lateral root, are controlled by the activity of the cell cycle [45] [46] [47] [48] [49] [50] . In Arabidopsis and other flowering plants, in which primordia are formed above the stretch zone, in order to implement the program of the lateral root initiation, it is necessary for pericycle cells to leave the cell cycle in the G1 phase [46, [51] [52] at the end of the meristem. However, before asymmetric division, they must be ready to resume proliferation [51, 53] . It is assumed that the ABERRANT LAT-ERAL ROOT FORMATION 4 (ALF4) gene, encoding a poorly studied protein with nuclear localization [47] , is important in order to determine the ability of pericycle cells to continue proliferation. In alf4 mutants, the initiation of the lateral root was disrupted [27, 45, 47] . The functional role of ALF4 is still poorly understood. In alf4 mutants, the formation of calluses is also disrupted [54] . ALF4 is probably needed to ensure the competence of pericycle cells to resume proliferation when forming a lateral root above the stretch zone. The presence of the product of this gene allows the cells to be in a state of temporary rest before the first division, which initiates primordium of the lateral root.
The transition of a portion of the pericycle cells at the xylem pole above the stretch zone from the stage G 1 to the stage S (resumption of proliferation) and their subsequent division are stimulated by auxin. These cells resume the mitotic cycle after reaching the initiation zone of the lateral roots [51, 55] . Most likely, switch genes activating the mitotic cycle are not able to start the process of forming the lateral root without additional stimulation with auxin [48] . SKP2A (S-Phase Kinase-Associated Protein 2A) is an Arabidopsis F-box protein that regulates the proteolysis of transcription factors affecting the mitotic cycle. Auxin activates ubiquitin-dependent degradation of SKP2A protein by directly binding to it. SKP2A stimulates the degradation of E2FC/DPB and induces the proliferation of root meristem cells. Also, auxin enhances the interaction between SKP2A and DPB. That is, SKP2A is an auxin-binding protein that coordinates the transmission of the auxin signal with cell proliferation [56] .
The transcriptional factor E2F stimulates the transition to asymmetric cell divisions during the initiation of the lateral root [49, 57] . The expression of E2Fa is regulated by the dimer of the transcriptional factors LBD18/LBD33, which in turn is associated with the transmission of the auxin signal [57] . LBD18/LBD33 serves as a link for the formation of the lateral root by activating the transcription of E2Fa. The initiation of transcription of E2Fa by LBD factors is a common mechanism of auxin-dependent activation of the mitotic cycle [57] .
The formation of the competence to initiate the lateral root (prebranch sites) in the pericycle cells in the basal part of the meristem occurs, in the opinion of some authors, due to the formation of a local maximum of auxin in the adjacent protoxylem cells [23] . This blocks the transition to the S phase in the cells of the pericycle. Such cells leave the meristem at the end of the G 1 phase and at the end of the stretch zone, and are able to resume cyclic motion, resulting in two synchronous divisions initiating the lateral root [51] . Subsequently, the ability of the pericycle to resume proliferation is determined with the participation of D-type cyclin CYCD4;1 [58] . A decrease in the expression of CYCD4;1 in the pericycle under the influence of the local maximum of auxin in the basal part of the meristem leads to a stop in the proliferation of some pericycle cells in G 1 (before DNA synthesis) [59] . In the formation of primordia of the lateral root above the stretch zone, the resumption of the pericycle cells motion in the S phase is accompanied by the formation of a new local maximum of auxin due to its transport from the endoderm [60] . This allows continuing the proliferation of cells and forming an axis of primordium. Thus, the synchronous priming of two adjacent pericycle cells determines the point of initiation of the lateral root. In our opinion, it is the simultaneous resumption of proliferation through the transition from G 1 to S in these cells and the cells of two adjacent rows of the pericycle determines the exact location of initiation of the formation of the lateral root.
R o l e o f t h e c e l l e n v i r o n m e n t i n t h e i n i t i a t i o n o f t h e l a t e r a l r o o t.
In the recent time, the regulatory role of the cell environment of the pericycle in the initiation zone of the lateral root has been widely discussed in the literature [60] [61] [62] [63] [64] . The function of mechanical interactions between the pericycle and endoderm cells in the process of initiation and development of the lateral root was studied [64] . It was shown that even before the first division leading to its initiation, the growth and increase in the volume (protrusion) of two adjacent pericyclic cells and the simultaneous decrease in the adjacent endoderm cells occur. Further, the expression of the GATA23 gene is activated and the first unequal anticlinal division occurs. Auxin signal from pericycle cells should be perceived in endoderm cells. In order to study this relationship, the Arabidopsis CASP1pro::shy2-2 line was created, which has a specific suppression of the response to auxin in endoderm cells [64] . SHORT HYPOCOTYL 2 (SHY2), the gene of repressor of the auxin response, was controlled by the promoter of the CASP1 gene, the protein of which is associated with Casparian strips. In plants expressing the CASP1pro::shy2-2, the development of the lateral roots was blocked until the first asymmetric division. Processing such plants with exogenous auxin (naphthylacetic acid) induced the development of a small number of lateral roots, but primordia did not reach the root surface and were flat, which indicates the need of the response to the auxin in the endoderm cells in order to release the lateral root. Indeed, endodermal cells in CASP1pro::shy2-2 plants remained bulky, although they normally decrease and allow the lateral root to grow.
With the disruption of the endoderm by the laser, proliferation in the pericycle resumed; however, the division plan changed from anticlinal to periclinal, and the development program of the lateral root primordium did not start [63] . The resumption of proliferation in the cells of the pericycle occurred regardless of their position on the longitudinal axis of the root. The disruption of xylem, bark and rhizodermis cells did not affect the resumption of divisions in the pericycle. In the authors' opinion, all the pericycle cells in Arabidopsis are potentially capable of resuming proliferation, but adjacent endoderm cells block this transition [63] . Indirectly, this is confirmed by the ability of the roots of Arabidopsis, as well as other representatives of Brassicaceae, to form multiple lateral roots after treatment with auxins in high concentrations (up to 90 μM) [65, 66] .
In Arabidopsis yucca mutants with increased auxin biosynthesis [67, 68] , endoderm disruption did not lead to a change in the plan of pericycle cells division from anticlinal to periclinal [63] . In mutants for the transmission of the auxin signal tir1/afb2/afb3 (transport inhibitor1/auxin signaling f-box2/afb3) and slr/iaa14 (solitary root/indole-3-acetic acid14) with multiple root development disruptions in the destruction of the endoderm, the pericycle cells changed the division plan into periclinal, as well as in wild-type roots. However, when processing the roots of the tir1/afb2/afb3 mutant with exogenous auxin, the number of reorientations of divisions decreased. The treatment of wild-type roots with a destroyed endoderm with naphthylphthalamic acid (auxin transport blocker) did not affect the change in the plan of pericycle cells division. When the endoderm was destroyed, they became periclinal, as in control plants. Perhaps the change in the plan of the pericycle cells division depends on the preservation of the pathway for the transmission of the auxin signal, but not on the auxin transport [63] .
A local increase in the auxin content in the group of pericycle cells not only forms their competence for the lateral root initiation, but also starts response to auxin in adjacent endoderm cells [60] . In the latter, a short-term expression of the auxin gene of the PIN3 transporter occurs, and the synthesized protein is localized on the membrane of the endodermal cell in contact with the pericycle cell. This ensures the outflow of auxin from the endoderm cells to the pericycle cells. The level of expression of PIN3 in the endoderm begins to decrease 15 hours after the first initiating division, and after 2 hours the protein completely disappears. In the mutant pin3, an increase in the number of pericycle cells with a maximum of auxin and a decrease in the number of the first asymmetric divisions were observed. The PIN3 gene mutation disrupts the transition of the founder cells to the division, initiating primordium. Therefore, due to PIN3-mediated outflow of auxin from the endoderm, the amount of this hormone in the pericycle cells increases again, which stimulates their transition to the first asymmetric division.
Me cha n ism f o r d e te r min in g the size a n d sha p e o f the p r imo r d ium o f the la te ra l r o o t. The number of cells participating in the divisions that specify the diameter of the primordium is limited by the receptorlike ACR4 kinase [69] . The volume of primordium is obtained due to the peri-clinal divisions, increasing the number of layers. At this stage, the formation of a correct dome-shaped primordium is regulated by several mechanisms, including through a directed auxin flow [63] . The MYB36 gene is expressed in the pericycle at the base of the primordium, which begins at the stage V of development [70] . It was shown that MYB36 directly participates in the control of the borders of the primordium, since the myb36-5 mutant has increased number of cells along the width of the primordium. MYB36 is required for the transition from flat to domed shaped primordium. At the same time, cell divisions stop at the periphery and the final width of the primordium is determined. The expression of MYB36 at the level of mRNA and protein occurs in some pericycle cells without transmitting signals to the surrounding endodermal cells, as shown for the SHY2-mediated response to auxin [60, 64] .The expression of the PER9 and PER64 peroxidase genes belonging to secondary targets of MYB36 is greatly reduced in the myb36-5 mutant. Probably, as a result of the above, it has a higher content of hydrogen peroxide, since the treatment with potassium iodide (peroxide absorber) resumed the development of primordium in mutant roots. Thus, the final size and shape of primordium depend on the sum of the signals that stimulate or inhibit the proliferation in its cells. These signals include active forms of oxygen, the amount of which is indirectly regulated by the MYB36 gene.
The data presented show that the main genetic processes of determining the competence of pericycle cells and initiation of primordium of the lateral root in Arabidopsis have been sufficiently studied. However, there is a group of plants in which initiation and development of primordium of the lateral roots occur directly in the apical meristem of the main root. This type of the lateral roots formation is characteristic for species from the Cucurbitaceae [71] [72] [73] [74] [75] , Polygonaceae [76] , and Convolvulaceae families, and some aquatic plants from the Pontederiaceae [75, 78] and Araceae [79] families. In addition, due to the formation of groups of primordium of the lateral roots in embryogenesis, these species undergo an early branching of the main root during germination [72, 80] . Rapid development of a powerful root system makes it possible to successfully compete with representatives of other species for soil resources and to gain significant biomass. The regulation of root formation in these plants has not been studied.
The results obtained by us in studying the cellular and hormonal mechanisms of the initiation of the lateral root of courgette (Cucurbita pepo) clearly indicate that the initial stages of the determination of the pericycle and endoderm cells, as well as their transition to the first anticlinal division in the species of the Cucurbitaceae family, are identical to the processes in Arabidopsis and other plants initiating the lateral root above the stretch zone [81] . Thus, the first stage of determination is the appearance of a local maximum of the cellular response to auxin in pairs of sister cells of three internal rows of the pericycle, two rows of the outer pericycle, and a row of endoderm. For Arabidopsis, simultaneous activation of cell pairs of three rows of the pericycle on the xylem pole was shown [55] . In courgette, the first anticlinal division is preceded by the formation of a local maximum of the cellular response to auxin in two adjacent cells in the row. In Arabidopsis and cereals, in addition, there is a directed movement of the nucleus of these cells towards each other [36, 73] .
Consequently, the first divisions initiating the lateral root, regardless of the place of its initiation, are the anticlinal divisions of a pair of sister cells. Some difference between the representatives of Cucurbitaceae is the absence of unequal anticlinal divisions and migration of nucleus, since all the initiation processes take place in the root meristem and the cells do not stretch. According to our data, in the courgette when initiating the lateral root in the meristem, there is no resumption of the mitotic cycle from the G 1 phase, as in the formation of the lateral root above the stretch zone [51, 53] . As a result of one of the anticlinal divisions in the pericycle row (as for the endoderm), two sister cells of origin are formed. Their further advancement along the mitotic cycle G 1 -S-G 2 will be accompanied by the occurrence of a local maximum of auxin and will be finished with the first anticlinal division. It will be the first division in the initiation of the primordia of the lateral root.
Thus, we assume that the physiological and molecular genetic mechanisms of initiation of the lateral root in different groups of plants have a single origin. Ancestral forms of all flowering plants had endogenously formed rudiments of lateral roots, and the site of initiation of the lateral root was located in the immediate vicinity of the initial cells of the apical meristem. In the course of evolution, the site of initiation of the lateral root gradually shifted from the apex cells to the basal part from the meristem of the parent root beyond the stretch zone. However, in some families of flowering plants, the archaic type of initiation of the lateral root preserved, i.e. directly in the apical part of the meristem of the parent root. When the site of initiation changed, there was also a decrease in the role of tissues surrounding the pericycle in the formation of temporary primordium structures.
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